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Abstract
Monolayers of transition metal dichalcogenides (TMdC) are promising candidates
for realization of a new generation of optoelectronic devices. The optical properties
of these two-dimensional materials, however, vary from flake to flake, or even across
individual flakes, and change over time, all of which makes control of the optoelectronic
properties challenging. There are many different perturbations that can alter the optical
properties, including charge doping, defects, strain, oxidation, and water intercalation.
Identifying which perturbations are present is usually not straightforward and requires
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multiple measurements using multiple experimental modalities, which presents barriers
when attempting to optimise preparation of these materials. Here, we apply high-
resolution photoluminescence and differential reflectance hyperspectral imaging in situ
to CVD-grown WS2 monolayers. By combining these two optical measurements and
using a statistical correlation analysis we are able to disentangle three contributions
modulating optoelectronic properties of these materials: electron doping, strain and
defects. In separating these contributions, we also observe that the B-exciton energy is
less sensitive to variations in doping density than A-excitons.
Introduction
For more than a decade two-dimensional (2D) transition metal dichalcogenides (TMdCs)
have been extensively studied as they offer unprecedented physics not achievable in conven-
tional semiconducting quantum wells. The peculiar combination of their crystal structure
without inversion symmetry;1,2 strong spin-orbit (SO) interactions originating from the heavy
transition metal elements;2 and the time-reversal symmetry acting to lock spin and valley
degrees of freedom makes these materials ideal platforms for realization of valley-selective3
and spin-polarized4 optoelectronics. Owing to their monolayer nature, the optoelectronic
properties of these materials are governed by excitonic effects that are greatly enhanced
compared to conventional semiconducting quantum wells.5 Several conceptual devices based
on 2D materials, such as field-effect transistor,6 memory cells,7,8 p-n junction9 and pho-
todiodes10,11 have been already demonstrated to have the potential to outperform their
conventional analogs.
However, the majority of the demonstrated devices are based on "one-off" prototypes
based on mechanically exfoliated monolayers6–8,10,11 and their fabrication lacks scalability.
Chemical vapour deposition (CVD) is promising for massive industrialization of novel op-
toelectronic devices, but, as it currently stands, monolayers grown via CVD are randomly
distributed across their supporting substrates with each monolayer flake having heteroge-
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neous optoelectronic properties. These heterogeneities are often challenging to interpret
as the crystal structure can be subject to a complex perturbation resulting from strain,12
defects,13–17 grain boundaries17–22 as well as oxidation,19 water intercalation23 and other ag-
ing processes.24 Despite this variability and complexity, CVD approaches commonly result
in triangular monolayers with variations in the optical properties that are also trigonally-
symmetric.13–17,20–22,24–32 Most simply, these correspond to regions of brighter (bright re-
gions) and darker (dark regions) photoluminescence (PL) emission. The dark regions have
been commonly attributed to intra-flake grain boundaries,17,20,21 structural or chemical het-
erogeneities,14,15,25,26,31,32 and/or linked to increases in n-doping. Identifying the specific
perturbation or combination of them is challenging, and the details will vary depending on
the specifics of the growth, substrate, environment and history of the monolayer.
Disentangling various contributions modulating optoelectronic properties of TMdCmono-
layers usually requires complementary and often complicated methods. These can include
optical and Raman spectroscopy, atomic force microscopy (AFM), Kelvin probe force mi-
croscopy (KPFM), and photoemission spectroscopy, amongst others. While all these meth-
ods have their own advantages they usually require repositioning of the monolayer from one
experimental setting to another.
Here we demonstrate the ability to disentangle the effects of doping, strain and defects,
which play a major role in shaping the optoelectronic properties of TMdC monolayers, us-
ing solely optical spectroscopy measurements. To acheive this we record PL and absorption
hyperspectral images of WS2 monolayers grown via CVD with high spatial resolution (∼300–
380 nm). Among the countless reports showing spatial maps of PL spectral characteristics of
TMdC monolayers, only few presented spatially resolved absorption characteristics,22,30,33–37
and even fewer with the spatial resolution less than 500 nm.33,35–37 Having both emission
and absorption hyperspectral maps provides a greater level of detail and allows parameters
such as PL Stokes shift and PL quantum yield to be determined, which help to identify the
different perturbations. To analyse the large amount of data, we extract different spectral
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properties (including peak amplitude, wavelength and width for A-excitons, B-excitons, and
trions) from each point in space and perform a correlation analysis which ultimately allows
us to disentangle the effects of strain, doping and disorder. This idea of correlating different
spectral properties to better understand 2D materials has previously been shown to provide
useful insights when applied to Raman and PL spectroscopy measurements on graphene,38
TMdC monolayers12,17,20,39 and their heterostructures.40 We show here that correlating PL
and absorption measurements can provide similar insights into the properties and pertuba-
tions of 2D materials.
Results and discussion
We examine two monolayer WS2 flakes grown by CVD on sapphire with properties that
encompass the range of observed behaviours. The results for a further five flakes are shown
in the Supporting Information. The PL hyperspectral images were obtained by illuminating
the sample with a 410 nm cw laser and collecting the emission with a 100x objective in a
modified confocal microscope as detailed in the Experimental section.
Figure 1a maps the integrated PL intensity across flake #1, revealing a commonly ob-
served trigonally-symmetric pattern. In the interior these are categorised broadly as (i) dark
regions, and (ii) bright regions. At the edges of the flake the brightest PL is observed and
defines a third domain. These bright edges have been commonly observed for TMdC mono-
layers on hydrophilic substrates such as sapphire.23 In these regions water intercalation23 and
interaction of sulphur (S) vacancies with environmental molecules41–44 reduces the intrinsic
n-doping levels commonly found in these materials resulting in a brighter PL emission. Here,
we focus on the interior of WS2 monolayers and will omit further discussion of edges.
The integrated and normalized PL spectra from the dark and bright regions are shown in
Figure 1f. The asymmetric spectral shape of the PL spectra is typical for CVD-grown WS2
monolayers and arises from the dominant emission from the A exciton, with the low energy
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Figure 1: Flake #1: PL spatial maps of (a) normalized integrated intensity, (b) peak energy,
(c) spectral median, (d) FWHM, and (e) ∆SM. (f) Normalized integrated PL spectra across
the dark (blue) and bright (green) regions. The spectra are normalized to the peak intensity
of PL spectrum integrated across the bright regions. The corresponding integration areas
are shown in (c). The length of the scalebar in (a) corresponds to 10 µm.
tail coming from trions and/or defect states. To further investigate the spatial variation
across the flake, PL peak energy (Figure 1b), spectral median (SM) (Figure 1c), and PL
FWHM (Figure 1d) were mapped across the sample. These spatial maps show that the
PL emission from the dark regions is blue-shifted (Figure 1b) and broadened (Figure 1d)
compared to that from the bright regions. The SM is similar to the peak wavelength and
is defined as the energy that splits the PL spectral profile into two equal contributions such
that the total spectral weight to the left of the SM is equal to the spectral weight to the
right of the SM. In contrast to the peak energy, however, the SM is sensitive to changes
in the asymmetry of the peak and thus changes to the trion contribution. To highlight the
difference, we also plot ∆SM - the difference between the SM and the peak energy (Figure 1e).
The value of ∆SM (Figure 1e) is predominantly defined by the charging energy (CE) of a
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trion (see Supporting Information) and represents a good, fit-free, indication of how the CE
varies across the flake. As seen from Figure 1e,f, the value of ∆SM (and, therefore, CE) is
larger in the dark regions, which suggests that the doping density may be higher in these
regions, which would also lead to the reduced emission intensity observed.45 However, there
are also other mechanisms that could explain the variations of the PL emission properties
across the flake. For example, the weaker, blue-shifted, and broadened PL in the dark regions
could originate from intra-flake grain boundaries.17,20,21,46 On the other hand, the increase
in intensity and red-shift in the bright regions could be due to environmental molecules
interacting with S-vacancies, which is known to increase the PL quantum yield (QY).41–44
Tensile strain has also been shown to lower emission energy47–50 and alter the exciton-phonon
coupling with the effect of narrowing the A-exciton linewidth.51,52 The presence of tensile
strain in the bright regions has been reported previously for CVD-grown monolayers with
similar trigonal-symmetric patterns.28,53
From these PL maps it is evident that the integrated intensity, peak energy, FWHM and
CE appear to be strongly correlated and vary together across the flake. These variations
could be due to gradually changing strain, defect density, doping density or grain bound-
aries. In order to differentiate between these possibilities, we correlate these PL maps with
absorption maps.
We obtain spatially-resolved absorption spectra of WS2 monolayers (Figure 2) by dif-
ferential reflectance (DR) hyperspectral imaging and use the approximation that DR is
proportional to the absorption coefficient.54 This is a reasonable approximation for the case
of monolayers of WS2 on a thick sapphire substrate, where interference effects are minor30
and are nearly absent in the spectral range of the A-exciton absorption peak.55 Figure 2a
shows the DR spectra integrated over the same areas (shown in inset) as in the case of the
corresponding PL spectra considered above. The measured DR spectra consist of the three
prominent features. The A- and B-exciton transitions originate from the SO split valence
and conduction bands at K symmetry points in the first Brillouin zone, whereas the onset
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of the third peak belongs to the C-exciton transitions in the band-nesting region.56
Figure 2: Flake #1: comparison of A- and B-exciton spectral characteristics. (a) DR spectra
integrated over the dark (blue) and bright (green) regions shown in inset. Spatial maps of DR
peak amplitude of (b) A- and (c) B-exciton transition; (d) A- and (e) B-exciton transition
energies, and (f) effective SO. The length of the scalebar in (b) corresponds to 10 µm.
The spatial maps of the A- and B-exciton absorption features (Figure 2) show that in
contrast to PL, the absorption amplitudes of these two peaks (Figure 2b,c) show only minor
variations across the monolayer. This suggests that the oscillator strength is not significantly
changed, but rather that the changes in PL intensity are due to reduced PL QY. The bright
regions near the centre of the triangles correspond to multilayers which typically give a
greater reflectance contrast.33,35 These multilayer regions are not so evident in the PL maps
because the PL from multilayers is reduced and these regions lie in areas where the PL
intensity is already low.
The A-exciton absorption peak energy (Figure 2d) varies significantly between the dark
and bright regions, similar to the PL emission. In contrast, the B-exciton energy varies by a
much smaller amount (Figure 2e). This is also clear in the integrated DR plots in Figure 2a
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and was observed for all flakes examined in this work (see Supplementary Material). This
results in spatial variations of the effective SO splitting shown in Figure 2f which could
arise due to changes in the valence band SO-splitting, the conduction band SO-splitting,
variations in the Fermi energy or any combination thereof. Before addressing this question,
we first consider further the properties of the A-exciton.
Figure 3: (a) Relative PL quantum yield and (b) PL Stokes shift for the flake #1. (c)
DR and PL spectra integrated over the areas shown in inset in Figure 2a. Comparison
of correlation plots (2D histograms) of PL Stokes shift versus A-exciton DR peak energy
(d), PL peak energy (e) and PL FWHM (f). The bin size in (d) is 0.003×2.012 eV·meV,
in (e) is 0.001×1.391 eV·meV, and in (f) is 0.84×1.89 meV·meV. Horizontally and vertically
integrated histograms are shown on the left and on the top of each plot in (d–f), respectively.
The integrated 1D correlation plots in (d,e) were split into two parts corresponding to dark
(blue) and bright (yellow) regions. In (b) it was not possible to find a vertical boundary,
therefore a horizontal boundary was used instead. All boundaries were drawn from where
the slope of a chosen 1D histogram changes. The data points from each side of a boundary
were mapped back onto the corresponding flake (see insets in (d,e)). In (d) the two data
sets corresponding to dark and bright regions were fit with linear functions. In (f) data set
was fit with a single linear function. For all linear fits the extracted slopes and calculated
Pearson’s correlation coefficients are given. Colorbars in (d–f) reflect the number of data
points within a bin. The length of the scalebar in (a) corresponds to 10 µm.
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Figure 3a,b combines the PL and DR maps discussed above to reconstruct the spatial
variations of the relative PL QY and PL Stokes shift of monolayer flake #1. The spatial
maps of PL QY (Figure 3a) highlight that the reduction of PL intensity in the dark regions
is primarily due to the lower PL QY. This could arise due to higher n-doping levels and/or
greater defect density in the dark regions.18,45,57 The map of PL Stokes shift (Figure 3b)
shows values ranging from ∼5 meV in the bright regions to ∼55 meV in the dark regions.
Integrated PL and absorption spectra in the dark and bright regions are superimposed in
Figure 3c and show that the larger Stokes shift in the dark regions arises due to a large shift
of the absorption peak.
In general, PL Stokes shift can originate from randomly-distributed disorder potentials
and interactions with optical phonons58,59 (Figure 4a), elevated electron doping density45,60,61
(Figure 4b), or the presence of lattice strain field52,62 (Figure 4c). To be more specific, it
has been shown that there is a linear correlation of the PL Stokes shift with n-doping,45
the amount of strain,52 and disorder-induced PL spectral width (FWHMdisorder).58 In the
case of increased n-doping, the increasing Fermi energy level in the conduction band results
in the A-exciton absorption peak being blue-shifted, while the PL peak energy is relatively
unchanged. This occurs because the absorption process drives transitions between the top of
the valence band and the Fermi edge in the conduction band, whereas the emission is from
states at the bottom of the conduction band; therefore the doping contribution to PL Stokes
shift varies approximately linearly with the A-exciton absorption peak energy (EA). Tensile
strain results in a red-shift of the conduction band minimum at K symmetry points leading
to a red-shift of both absorption and emission peak energies with similar but not equal shift
rates. The absorption energy shifts faster than the emission, leading to a Stokes shift that
decreases with increasing tensile strain.52,63 Finally, the contribution from disorder can cause
a change in the Stokes shift, with minimal change in absorption energy. The Stokes shift
due to disorder will, however, be linearly correlated with the FWHM of the PL peak.58
To disentangle these different effects, we perform a statistical analysis correlating PL
9
Figure 4: Schematic energy level diagrams showing absorption and emission processes re-
sulting in finite PL Stokes shifts (green). (a) The case of undoped and unstrained monolayer
with disorder. (b) The case of doped monolayer with disorder; the Fermi level is denoted
by the red line; free electron states are shaded in blue; PL Stokes shift increases with the
rate +α. (c) The case of strained monolayer with disorder; PL Stokes shift decreases with
the rate −β; both absorption and emission exhibit redshifts. Absorption (blue arrows) and
emission (red arrows) energies, defect states (light grey) and continuum of states (light red)
are denoted correspondingly.
Stokes shift with A-exciton absorption peak energy (Figure 3d), PL emission peak energy
(Figure 3e) and PL FWHM (Figure 3f). Such correlation analyses have been shown previ-
ously to be powerful in separating physically distinct domains within MoS2 monolayers17,20
(using PL-Raman and PL-KPFM correlations), and disentangling the effects of strain and
doping in graphene,38 MoS2 monolayers39 and graphene/MoS2 heterostructures40 (using PL-
Raman and Raman-Raman correlations). The plots shown in Fig. 3(d-f) are 2D histograms
providing a basic idea of the data density while visually enhancing the clarity of trends
within the overall scattered data. Each 2D histogram was integrated along the horizontal
and vertical axes and reduced to corresponding 1D histograms that can be used to estimate
the boundary (dotted line) separating the different spatial regions.
The correlation plot in Figure 3d reveals two distinct regions with different slopes. The
region with the steeper slope, and higher absorption energy, maps onto lines extending from
the centre of the monolayer flake to the apexes. In this region of the correlation plot it is
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clear that there is a strong correlation between the Stokes shift and absorption peak energy,
which is fit with a slope α ∼ 0.96 and Pearson’s correlation coefficient (p) of 0.82. The
high strength of this correlation suggests that there is one dominant origin of the changing
Stokes shift in this spatial region. In contrast, for the same range of Stokes shifts there is
no significant correlation with PL peak energy (Figure 3e). This correlation of PL Stokes
shift with absorption peak energy, but not with PL emission peak energy, strongly supports
increased electron doping in the dark regions and, particularly, the narrower regions indicated
in the insets of Figure 3, although we do not exclude the possible effects of minor compressive
strain in the dark regions.14,64
Away from these narrow regions connecting the centre to the apexes (i.e. in the yellow
regions in the inset of Figure 3d), the slope of the correlation between Stokes shift and A-
exciton absorption peak energy is reduced to β ∼ 0.52 and the strength of the correlation
is also slightly reduced, with the Pearson’s correlation coefficient down to 0.8. In addition,
a weak correlation between Stokes shift and PL peak energy is evident (Figure 3e). This
matches well with strain-dependent studies52,63 showing that with increasing strain both
absorption and emission energies red-shift, with the rate of absorption peak energy shift
being larger than that of the emission peak energy (Figure 4c). The net result is a Stokes
shift that decreases with increasing strain, alongside a decrease in absorption energy and PL
peak energy, as is the case in Figure 3d,e. We therefore suggest that in these regions, the
doping density is reduced, and it is the variation of the tensile strain field that is primarily
responsible for the changes in absorption energy, PL peak energy and Stokes shift in these
regions. Although, we note that the Pearson’s correlation coefficient is lower in this part
of the correlation plots, which suggests a more significant contribution from other sources,
possibly including disorder and a small contribution from electron doping. Returning to
the maps of Stokes shift (Figure 3b), absorption energy (Figure 2d) and PL peak energy
(Figure 1b), the changes to these spectral properties as a function of position then indicates
that tensile strain increases from the lines-to-the-apexes to the centres of the sides. This
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also explains why the two distinct slopes meet at the end of their ranges, and the trend in
the correlation data varies continuously: the highly doped regions (along the lines to the
apexes) occur at the regions with lowest tensile strain.
Further insight into the role of disorder in the Stokes shift and overall optical properties
can be gained from the correlation between the Stokes shift and the FWHM of the PL peak,
as shown in Figure 3f. It has been previously reported that the contribution solely from
disordered potential should result in a linear trend between the PL Stokes shift and exciton
PL emission width with a definite slope of ∼0.55.58 The slope measured in Figure 3f is ∼1.31,
which is much steeper (i.e. the Stokes shift increases faster than expected from just disorder
induced broadening) and indicates that the PL Stokes shift in this flake is affected primarily
by doping and strain. That is, the larger n-doping density in the dark regions broadens PL
emission and the increasing tensile strain in the bright regions narrows the PL linewidth.51,52
From these measurements we can therefore make the following conclusions regarding
the perturbations of this flake: along the lines from the centre to the apexes, there is an
elevated (and varying) n-doping density. Away from these lines the doping density gradually
decreases and tensile strain begins to take over as the dominant factor affecting the optical
properties. In this sample random defects and disorder make only minimal impact on the
optical properties compared to doping and strain.
Returning to the B-exciton, Fig. 2(e), the much smaller variation in absorption energy
follows a similar pattern to, and correlates with, the PL peak energy. This variation is thus
attributed to the changing strain across the flake. However, the absence of a substantially
blue shifted region along the lines to the apex, as is seen for the A-exciton absorption
(Figure 2d), indicates that the B-exciton energy is not significantly impacted by n-doping.
Intuitively, this could be due to the conduction band involved in the B-exciton transition
lying above the one involving the A-exciton transition, but in WS2, this is not expected
to be the case.65 Alternatively, it could be due to competing influences cancelling out: for
example, the predicted increase in SO splitting in the conduction band with increasing n-
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doping66 could offset the increase in Fermi energy. This remains an interesting question and
the topic of further work.
Figure 5: (a) Relative PL quantum yield and (b) PL Stokes shift for the flake #2. (c) DR
and PL spectra integrated over the areas shown in Supporting Information. Comparison of
correlation plots (2D histograms) of PL Stokes shift versus (d) A-exciton DR peak energy,
(e) PL peak energy and (f) PL FWHM. The bin size in (d) is 0.02×1.56 eV·meV, in (e) is
0.02×1.63 eV·meV, and in (f) is 0.62×1.31 meV·meV. Horizontally and vertically integrated
histograms are shown on the left and on the top of each plot in (d–f), respectively. The
integrated 1D correlation plots in (d,e) were split into two parts corresponding to dark
(blue) and bright (yellow) regions. All boundaries were drawn from where the slope of a
chosen 1D histogram changes. The data points from each side of a boundary were mapped
back onto the corresponding flake (see insets in (d,e)). In (d) the two data sets corresponding
to dark and bright regions were fit with linear functions. In (f) data set was fit with a single
linear function. For all linear fits the extracted slopes and calculated Pearson’s correlation
coefficients are given. Colorbars in (d–f) reflect the number of data points within a bin. The
length of the scalebar in (a) corresponds to 10 µm.
To further demonstrate the capability of this approach that correlates PL and absorption
imaging data we applied it to several other flakes, as shown in the Supporting Information.
All other flakes examined in this work show similar trends, with two different slopes in
the Stokes shift versus A-exciton absorption energy plot, and with the steeper slope, corre-
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sponding to the darker regions. The trends in the flake with behaviour furthest from the
one discussed so far (flake #2) are shown in Figure 5. In this case, the variation in PL QY
is similar to that for flake #1, however, the PL Stokes shift only varies between ∼10 meV
and ∼30 meV and does not exhibit the pronounced trigonal symmetry. (Refer to Supporting
Information for PL and DR maps of flake #2.) One of the differences in the preparation
of the flake #2 was that the measurements were performed after it had been exposed to
air for more than four weeks after growth, compared to less than one week for flake #1. It
has been shown previously that "aging" of monolayer flakes is accompanied by interactions
with environmental molecules,19,24 leading to changes in the doping density and increased
disorder, while relaxation of the monolayer on the substrate can lead to reduced strain (e.g.
via propagation of micro-cracks24,67–69). The clearest sign of aging, however, is that this flake
has a much thicker edge region, with brighter PL, arising from water intercalation, which
occurs over time.23
Figure 5c shows integrated DR and PL spectra for flake #2 (see Supporting Information
for integration areas for this flake) and reveals that the main difference between the two
monolayers (flake #1 and flake #2) is the energy of A-exciton absorption peak in the dark
regions: for the flake #1 the peak is significantly blue-shifted, whereas for flake #2 the shift
is similar to the bright regions. This strongly suggests that the doping density is reduced in
the dark regions of flake #2. Figure 5d, which plots Stokes shift as a function of absorption
energy, does show that there are still two distinct regions with different slopes. However, both
slopes are significantly smaller, and there is a larger spread of data points (lower p-value).
In the dark regions, the value of PL Stokes shift changes with a slope of ∼0.46 (p = 0.47),
almost half compared to the flake #1, while for the bright regions the Stokes shift is nearly
constant (p = 0.03). We attribute this to the aging process. In particular, the structural
differences that were present in the flake #1 and likely in the flake #2 remain, however, over
time the adsorption of other molecules from the environment reduces the overall n-doping
and increases the amount of disorder. The significant role of disorder is also supported by
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the weak anti-correlation between the PL Stokes shift and PL peak energy: lower emission
peak energies correspond to a larger PL Stokes shift due to the excitons interacting with
optical phonons that assist the quasiparticles in finding deeper local minima of a fluctuating
local potential.58,59,70 In addition, Figure 5f shows the slope of the PL Stokes shift versus
PL FWHM to be ∼0.55. This matches the case when a disordered potential is the primary
cause for a non-zero PL Stokes shift58 again supporting our conclusions that in this flake
disorder induced through aging dominates the optical properties, albeit in the presence of
strain and grain boundaries that were dominant in the freshly grown flake.
Conclusions
We have investigated optoelectronic properties of WS2 monolayers by correlating spatially
distributed emission and absorption properties. The resultant ability to measure Stokes
shift and PL quantum yield allowed us to better understand the different perturbations and
their effect on the optical properties. Further insights were gained from correlation plots
involving the Stokes shift, allowing us to identify (in freshly grown flakes) regions where
the n-doping density is high (and varying), and regions where tensile strain is the dominant
varying perturbation. In the case of the aged flake, we were able to identify the much greater
role played by disorder, likely due to the interactions between the monolayer flake and its
environment. The identification of regions with high n-doping density was supported by
the introduction of ∆SM (the difference between the spectral median and the peak emission
energy) as a reliable fitting-free estimation of the relative charging energy of trions, which
varies with the doping density. In contrast, these measurements also revealed that the B-
exciton energy is apparently unaffected by increased n-doping. While we discussed several
possibilities further work is needed to understand the origin of this surprising effect.
Finally, the correlation plots that helped disentangle the different perturbations here
represent just a small subset of the large multi-dimensional data-cube that is formed from
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the spectral parameters obtained from the measured data. Development of other approaches
to better breakdown this vast dataset may lead to further insights and even better capabilities
to identify different types of perturbation in 2D materials.
Experimental
Sample preparation
The sample preparation was performed in a similar way as described in Ref. [71].
Photoluminescence measurements
The spatially-resolved PL measurements were performed using the frames of an inverted
microscope (Nikon Eclipse Ti -U). Linearly polarized coherent excitation was provided by a
cw laser diode (Thorlabs, L405P20, mounted into the TE-Cooled Mount TCLDM9, operated
by a temperature controller TED200C and a laser diode controller LDC205C) tuned to the
wavelength of ∼410 nm. The radiation is sent to a dichroic mirror reflecting wavelengths
below and transmitting wavelengths above ∼593 nm. After the dichroic mirror, the laser
is focused onto the sample by a 100x objective lens (Olympus) with numerical aperture
NA=0.95. The power density at the sample was estimated to be∼2.8 MW/cm2. The induced
PL from the samples is collected by the same objective lens (epi -fluorescence geometry)
and is transmitted through the dichroic mirror and a lens (200 mm focal length). At the
image plane of the lens, a pinhole of 150 µm diameter transmits the sample’s region with
∼750 nm diameter. The signal transmitted through the pinhole is coupled to a multi-mode
fiber (Avantes, 200 µm core diameter, 2 m length) by a free-space fiber coupler (Thorlabs,
F810SMA-635). The fiber is attached to a spectrometer (Avantes, Avaspec-2048), and a 400
ms integration time was used at each point.
The sample was mounted on a dual-channel XY motorized translation stage (Applied
Scientific Instrumentation, MS-2000), allowing for raster scanning mode. The scanning step
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was chosen to be 250 nm (flakes #1,2,5,6,7) and 500 nm (flakes #3,4). The communication
between the motorized stage and the spectrometer was established by means of a LabView
code. All measurements have been performed at room temperature. The estimated spatial
resolution of the setup is ∼300 nm (see Supporting Information).
Differential reflectance measurements
The spatially-resolved DR measurements were performed using the same PL setup with only
slight differences. Instead of the diode laser as an excitation source, a spectrally broad
(∼400–800 nm) incoherent white light (CoolLED, pE-100) was directed to the sample via
a 50:50 beam splitter. The brightness of white light allowed to use a pinhole of 100 µm
diameter at the image plane transmitting a region of ∼500 nm diameter. The integration
time was 150 ms. The resolution of the technique was estimated to be ∼380 nm at ∼620
nm excitation wavelength (see Supporting Information).
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